Southeast Brazil has experienced two large yellow fever (YF) outbreaks since 2016. While the 2016-2017 outbreak mainly affected the states of Espírito Santo and Minas Gerais, the 2017-2018 YF outbreak primarily involved the states of Minas Gerais, São paulo, and Rio de Janeiro, the latter two of which are highly populated and popular destinations for international travelers. This analysis quantifies the risk of Yf virus (YfV) infected travelers arriving in the United States via air travel from Brazil, including both incoming Brazilian travelers and returning US travelers. We assumed that US travelers were subject to the same daily risk of Yf infection as Brazilian residents. During both Yf outbreaks in Southeast Brazil, three international airports-Miami, new York-John f. Kennedy, and orlando-had the highest risk of receiving a traveler infected with YfV.
Results
We estimated that within the United States, the Miami-MIA, New York-JFK, and Orlando-MCO international airports were at risk of receiving at least 1 YFV-infected traveler during the 2016-2017 and 2017-2018 YF outbreaks in Southeast Brazil (<1 YFV infected traveler per 100,000 travelers). This analysis included all US first points of entry (n = 90) and all US final destination airports (n = 304) with international travel volume from airports in Southeast Brazil (n = 21). Our results approximate the importation risk because we assumed that US travelers were at the same risk of YFV infection as Brazilian residents, as well as regional homogeneity in the risk of infection and in the probability of travel. Figures 1 and 2 show the mean number of YFV importations and its 95% confidence interval. Only US airports with an upper 95% confidence limit exceeding 0.5 over all Brazil's Southeast states are shown. Specific numbers of importations among arriving Brazilian and returning US and international travelers are presented separately in the Supplementary Information (Supplementary Figs. S1-S4). They show that under the baseline assumption that 70% of US and international (non-US and non-Brazilian) travelers were vaccinated against YFV, Brazilian travelers primarily drove the risk of YFV importation at US airports during the 2016-2017 and 2017-2018 outbreaks in Southeast Brazil. Assuming state-level homogeneity Only US airports with an upper 95% confidence limit exceeding 0.5 over all Brazilian states in Southeast Brazil (regional estimate) are shown. These estimates were obtained assuming 70% vaccination coverage of US and international travelers to Brazil. Uncertainty derives from sampling 10,000 stochastic realizations of the length of stay, incubation period, infectious period, number of asymptomatic or mild infections for each severe YFV case and vaccine efficacy from their respective distributions. SE Brazil = Southeast Brazil. of risk as opposed to regional-level homogeneity of risk of infection is generally associated with lower central estimates of the risk of YFV importation. We performed sensitivity and counterfactual analyses to test the impact of hypothetical vaccination coverage scenarios on the risk of YFV-infected travelers arriving at US airports during both YF outbreaks in 2016-2017 and 2017-2018. All regional-and state-level estimates of the total number of YFV importations (comprising Brazilian, US and international resident travelers) obtained for first US ports of entry and final destination airports in the main, sensitivity and counterfactual analyses are presented in Supplementary Tables S2-S7. Sensitivity analysis. Varying the assumed vaccination coverage of US and international travelers. In a sensitivity analysis, we tested the effect of extreme vaccination coverages of US and international travelers to Brazil on YFV importations during both outbreak years. Supplementary Figs. S7-S10 and S11-S14 show the estimated number of US and international travelers and total YFV importations (comprising Brazilian, US and international travelers) obtained under the extreme scenarios of no (i.e. 0%) and complete (i.e., 100%) vaccination coverage of US and international travelers to Brazil during the 2016-2017 and 2017-2018 YF outbreaks respectively. Under the extreme scenario of no vaccination of US and international travelers to Brazil, we found that the regional-level risk of YFV importation into US ports of entry increases to an average of 1.51 (95% CI: 0.66, 2.94) in Miami-MIA, 0.89 (95% CI: 0.37, 1.79) in New York-JFK and 0.70 (95% CI: 0.30, 1.38) in Orlando-MCO during 2016-2017 ( Supplementary Fig. S5 Fig. S9 and Table S7 ). We attribute this increase to a larger number of returning US and international travelers with YFV infection (Supplementary Figs. S5 and S9) compared to the estimate obtained in the main analysis (Supplementary Figs. S2 and S4). In the absence of vaccination, the risk of importation from returning US and international (non-US and non-Brazilian) travelers becomes comparable to the risk posed by Brazilian travelers (Supplementary Figs. S1 and S3). We found that in the absence of YFV vaccination among US and international travelers visiting Brazil, the New York-JFK, Orlando-MCO and Boston-BOS international airports in 2016-2017 and the Fort Lauderdale-FLL and Atlanta-ATL international airports in 2017-2018 would also have been at risk of receiving at least 1 YFV-infected traveler (Supplementary Figs. S6 and S10).
On the other hand, even under the hypothetical scenario that all US travelers to Brazil were immunized against YFV, all airports identified as at risk of YFV importation in our main analysis (i.e., the Miami-MIA in 2016-2017, together with the New York-JFK, and Orlando-MCO international airports in 2017-2018) would still Only US airports with an upper 95% confidence limit exceeding 0.5 over all Brazilian states in Southeast Brazil (regional estimate) are shown. These estimates were obtained assuming 70% vaccination coverage of US and international travelers to Brazil. Uncertainty derives from sampling 10,000 stochastic realizations of the length of stay, incubation period, infectious period, number of asymptomatic or mild infections for each severe YFV case and vaccine efficacy from their respective distributions. SE Brazil = Southeast Brazil. remain at risk for YFV importation (Supplementary Figs. S8 and S12). US and international travelers contribute little to the overall risk of YFV importation in presence of full yellow fever vaccination coverage of US and international travelers to Brazil (Supplementary Figs. S7 and S11). counterfactual analysis. Varying the assumed vaccination coverage of the Brazilian populations. We conducted a counterfactual analysis to assess the impact of the vaccination campaigns conducted during the 2016-2017 and 2017-2018 outbreaks and explored the extent to which higher or lower vaccine coverage among residents of Brazil's Southeast states would have affected the risk of YFV spread. In this analysis we estimated the counterfactual cumulative number of confirmed YF cases having assumed proportionality between the changes in the case counts and susceptibility to YFV. We then used the counterfactual number of confirmed YF cases to estimate the risk of importation due to Brazilian travelers and returning US and international (non-US and non-Brazilian) travelers (for details see Supplementary Section 4).
We found that vaccination campaigns in Brazil during the 2016-2017 YF outbreak reduced the risk of YFV importation that the United States would have faced without them ( Supplementary Fig. S16 ). Our estimates suggest that in the absence of the 2016-2017 vaccination campaign, in addition to Miami-MIA airport identified in the main analysis, the New York-JFK, Orlando-MCO and Atlanta-ATL, international airports would also have also been at risk of YFV importation ( Supplementary Fig. S16 ). In the absence of the 2017-2018 YF vaccination campaign, we found a significant increase in the risk of YFV importation into the Miami-MIA and Orlando-MCO international airports from the state of São Paulo ( Supplementary Fig. S17 ), although the overall risk of YFV importation from Southeast Brazil did not substantially differ from the risk estimated in the main analysis ( Fig. 1 ).
Our results also suggest that in the absence of substantial increases in vaccination coverage (especially in Minas Gerais) during the 2016-2017 YFV outbreak, Miami-MIA airport would have remained at risk of YFV importation (Supplementary Figs. S13-S15). This highlights the importance of outbreak containment at the source, e.g. through preventive vaccination campaigns.
The results obtained in this counterfactual analysis only account for the direct effects of vaccination. Accounting for the indirect effects of vaccination (herd immunity) would reduce the resulting estimates of the risks of YF importation.
Discussion
This study used an established risk-modeling framework to inform potential policy decisions and actions. Results showed Miami-MIA in 2016-2017, along with New York-JFK, and Orlando-MCO airports in 2017-2018 to be at risk of receiving at least one YFV-infected traveler both as US first ports of entry and final destination airports, with the risk varying with departure state, outbreak year, vaccine coverage, and traveler type. These results are driven by the strong connectivity between Southeast Brazil and Miami-MIA, New York-JFK, and Orlando-MCO airports, which respectively acted as US first port of entry for 29% (30%), 18% (16%) and 13% (14%) of the total number of travelers entering the United States from Southeast Brazil in 2016 (2017). In terms of final destination, Miami-MIA, New York-JFK, and Orlando-MCO airports respectively received 18% (20%), 16% (15%) and 15% (17%) of the travel volume from Southeast Brazil in 2016 (2017).
Overall, we found good agreement between the regional-and state-level risk of YFV importations at US first ports of entry and final destination airports. In a sensitivity analysis, under the assumption of no vaccination of US and international travelers, we found Boston-BOS to be at risk of YFV importation in 2016-2017 as final destination airport but not as first port of entry ( Supplementary Fig. S6 ) and Atlanta-ATL to be at risk of YFV importation as first port of entry but not as final destination airport in 2017-2018 ( Supplementary Fig. S10 ). These results reflect the extent to which Boston-BOS mainly acts as final destination airport for travels started in Southeast Brazil through connections via other US ports of entry (of the travel volume from Southeast Brazil to Boston-BOS in 2016 and 2017, 15% entered the US at the airport and 0.4% was for transit), while Atlanta-ATL acts as a main port of entry and transit airport for the connection between Southeast Brazil and the United States (of the travel volume from Southeast Brazil to Atlanta-ATL in 2016 and 2017, 95% entered the US at the airport and 83% was for transit).
Miami-MIA, New York-JFK, and Orlando-MCO airports lie within the estimated potential range of Aedes mosquitoes in the United States 23 . A recent modelling study 24 has demonstrated that high degrees of consensus and low uncertainty exist around the presence of Ae. aegypti in Miami and Orlando and of Ae. albopictus in New York, which makes these locations suitable to potential local YF transmission upon introduction. The discovery of YFV in field-collected Ae. albopictus in Southeastern Brazil in 2017, along with the demonstrated potential of YFV adaptation to Ae. albopictusto 25 imply that autochthonous YF transmission could potentially extend to temperate regions of the United States. However, strong climatic seasonality affecting entomological traits and mosquito population dynamics 26 , along with asynchrony in the climatic patterns between the United States and Southeast Brazil, could limit the extent to which local YFV transmission upon introduction can occur.
In the main analysis we found that the average YFV importation risk in Miami-MIA was 0.92 traveler (95% CI: 0. Supplementary Tables S2 and S6 ). These results are consistent with previous work by Dorigatti et al. 20 . During the 2016-2017 and 2017-2018 outbreaks, there were no reports of YFV-infected traveler arriving into the United States. Because of the large proportion of asymptomatic infections typically observed in YF outbreaks 27, 28 , implying that a YFV-infected traveler could arrive without being detected because of the higher probability of being mild or asymptomatic than symptomatic, our estimates are in agreement with no reports of YFV importations into the United States during the 2016-2017 and 2017-2018 www.nature.com/scientificreports www.nature.com/scientificreports/ outbreaks. Importantly, onward transmission following introduction is a chance event. As demonstrated in 29 , the estimated levels of seeding produce high (>80%) probabilities of stochastic extinction across a wide range of transmission settings.
In the main analysis we assumed 70% vaccination coverage of US and international (non-US and non-Brazilian) travelers to Brazil and found that Brazilian travelers primarily drove the risk of importation. This result is driven by the relative proportion of Brazilian travelers (58% in 2016 and 62.5% in 2017) versus US travelers (37% in 2016 and 34% in 2017) and international (non-US and non-Brazilian) travelers (5% in 2016 and 3.5% in 2017) entering the United States and by the 70% vaccination coverage of US and international (non-US and non-Brazilian) travelers assumed in the main analysis. Sensitivity analysis on the assumed vaccination coverage of US and international (non-US and non-Brazilian) travelers shows that in the extreme hypothesis of absence of vaccination, the contribution of returning US and international (non-US and non-Brazilian) travelers to the risk of YFV importation increases to similar levels to the ones posed by Brazilian travelers (Fig. S2 vs S5 and Fig. S4 vs S9 ). The fact that during recent and previous outbreaks, travel-related cases occurred among returning travelers 9, 21, 30, 31 , as opposed to residents of the source country, suggests that the actual vaccination coverage among US and international travelers may have been lower than what we have assumed in our main analysis and that international travelers may be less likely to report symptoms or seek healthcare outside their home country. Another potential reason is that returning US and international resident travelers could be at greater risk of infection than Brazilian residents, either due to increased exposure or increased susceptibility (e.g. due to lack of cross-protective immunity elicited by previous infections with other flaviviruses). A key assumption we make in this model is that the force of infection-which we define as the probability of being bitten by a YFV-infected mosquito and becoming infected with YFV-is the same for both Brazilian residents and US and international resident travelers to Brazil and differs only by the length of stay or exposure. While we recognize that there are likely heterogeneities in force of infection over time and space, as well as differences in individual behavior, it is difficult to quantify these in the absence of more detailed information. Transmission risk for vector-borne diseases is multifaceted, and fully estimating that risk would require, at minimum, information on vector presence or environmental suitability, vector abundance or density, vector biting rates, vector competence, prevalence of the pathogen in the vector population, fine-scale human density and movement, and individual behavior. Data on these variables are either unavailable or not available at a granular level to be able to properly parameterize transmission risk over time, space, and behavior.
We assumed homogeneity in the probability of traveling and the risk of infection. We assumed that US and international travelers visiting Brazil were at the same risk of YF infection as Brazilian residents due to lack of information on US and international travelers' final destinations, activities and behavior which are all factors that could inform any differential risk of YF infection of visitors relative to the resident population. We worked with travel volume between airports, which are generally in urban areas, while most YFV transmission to humans has occurred in rural areas. Lack of data on the extent to which travelers arriving in urban areas visit rural areas during their stay may lead to overestimating the absolute or per capita risk of YFV importation. Monath et al. (2002) cites several factors that contribute to risk of acquiring infection, such as immunization status, geographic location, season of travel, and recreational activities 30 . However, the lack of data at the appropriate spatial and temporal scale limits our ability to differentiate between populations and their activities. Tatem et al. explains that such data are scattered and recommends the development of a database that combines population attributes with spatial and temporal information 32 . The granularity of the available data allowed us to explore the effect of homogenizing the risk of YF infection at the regional (Supplementary Section 1.2) versus the state (Supplementary Section 1.3) level. While increasing heterogeneity to the state level is associated with lower central estimates of the risk of YFV importation, we found that homogenizing exposure at different spatial scales generally produced comparable results. The results obtained in this analysis were obtained at the finest spatial resolution allowed by the available data. The availability of data a finer spatial resolution and the inclusion of higher degrees of heterogeneity in the model might decrease the risk of importation, but this is uncertain.
We assumed the same length of stay in Brazil for US travelers and non-US travelers entering the United States from Southeast Brazil (i.e. visiting the United States following a visit to Southeast Brazil). This assumption could have overestimated the risk of YFV importation posed by South American travelers, who on average spend 9 nights in Brazil 33 , and underestimated the risk posed by European travelers, who on average stay for 23 nights 33 compared to the average 19 days spent in Brazil by US travelers 34, 35 . We also assumed the same vaccination coverage of US and international (non-US and non-Brazilian) travelers. However, the limited travel volume of international (non-US and non-Brazilian) residents entering the United States from Southeast Brazil (5% and 3.5% of the total travel volume in 2016 and 2017, respectively) implies that non-US and non-Brazilian residents do not significantly contribute to the risk of YFV importation in the United States and that our estimates are robust to changes in the assumed length of stay and vaccination coverage of non-US and non-Brazilian travelers.
Our definition of time window (the number of days between the time of symptom onset of the first and last confirmed YFV cases) assumes no asymmetry in the temporal distribution of asymptomatic or mild YF infections compared to severe cases. Undetected or unreported transmission occurring before (or after) the detection of the first (or last) confirmed case would increase the risk of importation.
Limitations of the data used in this analysis, specifically passenger volume and vaccination coverage data, also warrant discussion. The estimates generated in this study are based on detailed aggregated data on the volume of passengers who traveled between any Brazilian airport and any US airport at a monthly temporal resolution during 2016 and 2017. While we estimated the risk of YFV importation both by first US port of entry and final destination airport, by construction these data do not capture the actual origin or destination of multicity travel itineraries. In the absence of individual-level travel information, we assumed that the origins and destinations reported in the dataset represented the actual origins and destinations of the travel itineraries. This analysis accounted for YFV vaccination coverage estimates both among US and international travelers and in Brazil and evaluated its influence on the risk of YFV importation in the United States. For the United States, the only available vaccination coverage estimate was at the national level, which does not account for the heterogeneity in vaccination coverage likely existing across the United States. In the absence of information on the actual municipalities targeted by vaccination campaigns in Brazil in 2016-2017, we calculated the overall expected vaccination coverage in each state in Southeast Brazil. This calculation approximates the actual vaccination coverage within each state and does not capture the heterogeneity among municipalities. While a recent systematic review provides estimates on YFV vaccination coverage from 1970 to 2016 36 , it has its limitations. The population estimates used in the study do not appear to be consistent with the UN population estimates that were taken as a reference 37 and do not account for the most recent outbreaks in Brazil.
conclusions
During the 2016-2017 YF outbreak in Southeast Brazil Miami-MIA, together with New York-JFK, and Orlando-MCO international airports in 2017-2018, were estimated to be at risk of YFV importation. Under the baseline scenario of 70% vaccination coverage of US and international travelers, we found that arriving YFV-infected Brazilian travelers drove the overall risk of YFV importation into the United States. This implies that outbreak containment at the source, e.g. through preventive or catch-up vaccination campaigns, is key to limit the international spread of YFV. This is particularly important as the temporary limited availability of YFV vaccine in the United States necessitates a consideration of alternative strategies, such as the targeted use of full or fractional YF vaccine doses.
This analysis informed the CDC's Division of Global Migration and Quarantine -which strives to prevent the introduction, transmission, and spread of communicable disease using the most effective, innovative, efficient, and least restrictive actions -on the risk of YFV importation faced by US airports during the 2016-2017 and 2017-2018 YF outbreaks in Southeast Brazil. Any response needs to be commensurate with the level of risk. Because the risk of YFV importation obtained in this study yielded a relatively low risk of YFV importation and local YFV transmission following introduction, no further action among those potentially considered to be implemented (e.g. travel restriction or proof of vaccination at entry) was taken. The results presented in this study and the identification of Miami-MIA, New York-JFK, and Orlando-MCO as the main US airports at risk of YFV importation reflect the travel volume between the United States and Southeast Brazil and the scale of the YF outbreaks observed in 2016-2017 and 2017-2018. In future outbreaks, it will be necessary to reassess the risk of YFV importation and identify the new locations at risk. Similarly, to assess the risk of importation during a highly focal outbreak, like the one observed in Ilha Grande, detailed travel information would need to be included. However, models with higher complexity do not always yield greater explanatory power 18, 38 .
Understanding the risk of importation through mathematical models can aid public health decision-making related to vaccination policies and other control strategies. When the ultimate objective is to prevent local YFV transmission within the United States, decision makers can consider targeted courses of action at specific ports of entry, particularly when resources are constrained.
Methods
In this study, we sought to quantify the risk of YFV importation into US airports (both first ports of entry and final destination airports, separately) during the 2016-2017 and 2017-2018 YF outbreaks in Brazil's Southeast states (i.e., Espírito Santo, Minas Gerais, Rio de Janeiro, and São Paulo). To do this, we extended the risk model framework developed by Dorigatti et al. 20 to explicitly include importations from Brazilian residents (Brazilian travelers), US residents (US travelers) and international (non-Brazilian and non-US) residents (international travelers) who travelled from Southeast Brazil to the United States during the 2016-2017 and 2017-2018 YFV outbreaks in Brazil. We estimated traveler residency using OAG Aviation Worldwide Ltd. 's 11 country of sale information (full description in Supplementary Information Section 1.1). Table 1 summarizes the notation, definitions, values and data sources used and Fig. 3 provides an illustration of the risk model adopted in the analysis.
We defined importations from Brazilian travelers as Brazilian residents infected with YFV during the 2016-2017 or 2017-2018 outbreak who traveled to the United States during the incubation or infectious period (i.e. between the time of infection and the end of the period during which human blood is infectious). Similarly, we defined importations from US residents as travelers living in the United States who visited Southeast Brazil during the 2016-2017 or 2017-2018 outbreak, became infected with YFV during their stay, and returned to the United States during the incubation or infectious period. We defined importations from international (i.e. non-Brazilian and non-US) residents as international travelers who visited Southeast Brazil during the 2016-2017 or 2017-2018 outbreak, became infected with YFV during their stay, and then traveled to the United States during the incubation or infectious period. Together, these comprise the total number of YFV importations likely to arrive in the United States. In this analysis, residency was defined by the country of ticket sale. Brazilian resident travelers (hereinafter referred to as Brazilian travelers) were defined as travelers from Southeast Brazil to the United States who purchased their ticket in Brazil. Similarly, US and international resident travelers (hereinafter referred to as US and international travelers) were defined as travelers from Southeast Brazil to the United States who purchased their ticket in other countries than Brazil. To obtain a high spatial resolution of YFV importation risk, our estimates were calculated based on air travel volume from each of the four Southeast Brazilian states to all US first points of entry and final destination airports. Therefore, the total number of YFV importations (I S A www.nature.com/scientificreports www.nature.com/scientificreports/ S is the probability of traveling from Brazilian state S to US airport A during time window W S ; and p i W S is the probability that a YFV infected traveler is either incubating or infectious during time window W S . We assumed that all confirmed cases were severe and estimated the cumulative number of YFV cases in a given Brazilian state as:
where α is the number of asymptomatic or mild YFV cases for each severe (i.e., reported) YFV case 28 . We calculated the probability of traveling from Brazilian state S to US airport A as: Table 1 . Summary of notation, data, and sources used. "ES" denotes Espírito Santo, "MG" denotes Minas Gerais, "SP" denotes São Paulo, and "RJ" denotes Rio de Janeiro. Values not listed in this table are located in the Supplementary Information. We are unable to share air passenger data because they are proprietary. where T E is the human incubation period 40 and T I is the human infectious period 4,40 of YFV.
calculating importations from US and international (non-Brazilian and non-US) travelers.
The number of YFV-infected US and international (non-Brazilian and non-US) travelers from Brazil was calculated as:
S is the number of US and international (non-Brazilian and non-US) resident traveling to US airport A from Brazilian state S during time window W S with no YFV vaccine-induced immunity; λ S is the per capita risk of YFV infection in Brazilian state S for US and international travelers during time window W S ; and p i W S is the probability that a YFV infected US or international traveler flies to the United States during the incubation or infectious period (identical to Eq. 5, above). We can further decompose the number of US and international travelers without YFV vaccine-induced immunity to: ; p V is the YFV vaccination coverage of US travelers to Brazil 41 ; and VE is the YFV vaccine efficacy 42 . We assumed that US and international (non-Brazilian and non-US) travelers visiting Brazil were at the same risk of exposure to YFV as the population of Brazil. Therefore, the Brazilian state-specific per capita risk of YFV infection was calculated as: 
